Plant factories provide possibilities to get optimal yield of green leafy vegetables entire year independent from the season. The technology of light-emitting diode (LEDs) light has become one of the most powerful tools in photophysiological researches of various horticultural plants. In order to manage plant physiology and improve productivity, it is necessary to develop new LEDs technologies in horticulture. The aim of the study was to investigate different lighting intensities and elevated red light (660 nm) effect on tatsoi photosynthetic parameters. All plants were grown under the same light sources where overall photosynthetic photon flux density (PPFD) varied from 200 to 300 µmol m -2 s -1 . Three days before harvesting red light intensity (640 and 660 nm) was increased until 132 µmol m -2 s -1 and 660 nm until 188 µmol m -2 s -1 at 16 hours photoperiod. In the last treatment merely 24 hours photoperiod was applied. The photosynthetic indices in tatsoi were determined by non-destructive methods using LI-6400XT portable photosynthesis system, OS5p fluorometer, DUALEX optical sensor and CID leaf spectrometer. Research was performed in 2017 -2018 winter season. The obtained data revealed that the total photosynthetic photon flux density (PPFD) at level of 200 µmol m -2 s -1 was sufficient for optimal CO 2 assimilation in tatsoi plants. The increased PPFD of LED light at pre-harvest stage resulted in reduced photosynthetic parameters of plants.
Introduction
Light spectra and intensity are the main factors to promote efficient plant growth. The technology of light-emitting diodes (LEDs) provide possibility to change spectral characteristics and combine the desired light with respective wavelengths without unnecessary spectral parts (Olle & Viršilė, 2013) . The solid-state lighting technology has become a tremendous innovative and alternative instrument in horticulture. LEDs have a broad light spectrum, which can be tailored in various proportions and produce high light levels. The feature and possibility for light and environment management and digital controlling is one of the most useful advantages in vertical farming (Cocetta et al., 2017) .
To promote and ensure effective and efficient photosynthetic process, the cultivation conditions should be optimized according to the plant natural needs. Different plant species and varieties have different optimal cultivation conditions (temperature, light intensity, light spectrum etc.) (Carvalho & Folta, 2014) . Some authors state that mild stress conditions can improve the productivity or nutritional value of green vegetables (Jansen et al., 2008; Rouphael et al., 2018) .
Optimal spectrum characteristics and suitable qualitative composition have a direct impact on photosynthetic process (Kang et al., 2013; Wojciechowska et al., 2015) . Zhen & Van Iersel (2017) in experiments with lettuce observed spectrum quality impact on instantaneous photosynthetic intensity (Pn) and claimed far-red light influence on photosynthetic intensity. Moreover, red and far red light transfer energy to photosystem II (PS II) and excites electron transmission through energetic reactions (Muhoz & Quiles, 2003) .
Previous studies with pre-harvest showed that supplemental LED lighting a few days before harvesting in greenhouses, resulted in improved nutritional value of different green vegetables. One of the most analysed effects was nitrate reduction (Samuolienė et al., 2009; Samuolienė et al., 2011; Bliznikas et al., 2012) . The decrease in nitrate contents was accompanied by increased levels of carbohydrates and ascorbic acid in vegetable tissues (Samuolienė et al., 2012a; Zhou, Liu, & Yang, 2012; Wanlai, Liu, & Qichang, 2013) . From the practical side, these research findings also propose the ways how to improve the value of green vegetables, cultivated in light deficiency conditions. Nevertheless, there are no accomplished studies with elevated red light component intensity three days before harvesting, and the effect on photosynthesis system acclimatization and response is still clearly unknown in tatsoi.
Chlorophyll is the main pigment participating in photosynthetic process, which allows plants to absorb energy (Hall & Rao, 1999) . The nitrogen impact on photosynthesis is crucial. As the main component it promotes efficient photosynthetic process and improves all photosynthetic apparatus activity (Sun et al., 2016; Basi, Menossi, & Mattiello, 2018) . Photochemical reflectance index is used for tracking changes and variability in photosynthetic light use efficiency (Nakaji, Oguma, & Fujinuma, 2006) .
The efficiency of electrical energy utilization for lighting is a key parameter evaluating the costs of vegetable production in greenhouses and vertical farming system (Kubota et al., 2016) . In addition to AGRICULTURAL SCIENCES (CROP SCIENCES, ANIMAL SCIENCES) DOI: 10.22616/rrd. 24.2018.059 this, it is possible to apply lower PPFD in various horticulture systems. This is enough in order to grow plants without losses and sufficient for physiology needs, as well as allows to save energy costs (Singh et al., 2015) .
Materials and Methods
The experiment was conducted in closed controlled-environment growth chamber at the Institute of Horticulture, Lithuanian Research Centre for Agriculture and Forestry. The investigation was carried out in 2017-2018 winter season. Day and night temperatures were set at 21/ 17 °C ± 2 °C respectively, the 16 h photoperiod was established. The relative air humidity in the growth chamber was approximately 50 -60%.
All plants were grown under the same spectral combination of light-emitting diode (LEDs) units at photosynthetic photon flux density (PPFD) levels at 200 and 300 µmol m -2 s -1 ( Non-destructive methods were used to evaluate the light effect of lighting treatments on tatsoi photosynthetic indices. The measurements of gas exchange were performed using a portable closed infrared gas analyser LI-6400XT (LI-COR, Lincoln, USA) with randomly selected, youngest fully expanded leaves on the last day of the treatment. The conditions for this measurement were set at 1000 μmol m -2 s -1 PPFD, block temperature was 21 °C, CO 2 concentration ~400 ± 6 μmol s -1 and 60 -70% relative humidity.
Measurements of chlorophyll fluorescence were performed in closed environment growth chamber and fixed under LED lighting. In addition to this, before chlorophyll fluorescence measurements, all plants were dark adapted (Maxwell & Johnson, 2000) for 40 minutes using black hood. Fluorometer OS5p (OptiSciences, USA) was used to measure maximum yield and yield in PSII (quantum of yield).
The maximum quantum of yield can be calculated from equation: *FR -Far red, B -Blue, R -red, P -photoperiod, PPFD -photosynthetic photon flux density.
All plants were grown in plastic trays (two trays per one treatment) of 28 cells and 70 mL volume of each. Tatsoi (Brassica rapa var. rosularis) was sown in a peat substrate (Profi 1, Durpeta, Lithuania) (pH 5 -6). The average amounts of nutrients (mg L -1 ) in the substrate were: N -110; P2O5 -50; K2O -160 supplemented with microelements Fe, Mn, Cu, B, Mo, and Zn. Electrical conductivity was 0.5 -0.7 mS cm -1 . Three seeds were sown into each cell and watered according to the demand. The period of experiment was 23 days from sowing (20 + 3 days of increased PPFD).
Non-destructive methods were used to evaluate the light effect of lighting treatments on tatsoi photosynthetic indices. The measurements of gas exchange were performed using a portable closed infrared gas analyser LI-6400XT (LI-COR, Lincoln, USA) with randomly selected, youngest fully expanded leaves on the last day of the treatment. The conditions for this measurement were set at 1000 μmol m -2 s -1 PPFD, block temperature was 21 ℃, CO2 concentration ~400 ± 6 μmol s -1 and 60 -70% relative humidity. Measurements of chlorophyll fluorescence were performed in closed environment growth chamber and fixed under LED lighting. In addition to this, before chlorophyll fluorescence measurements, all plants were dark adapted (Maxwell & Johnson, 2000) for 40 minutes using black hood. Fluorometer OS5p (Opti-Sciences, USA) was used to measure maximum yield and yield in PSII (quantum of yield).
The maximum quantum of yield can be calculated from equation:
where: Fv is variable fluorescence; Fm -maximal fluorescence (dark adapted sample) Quantum of yield in PSII is calculated from equation:
where: Fˊm -maximal fluorescence (light adapted sample) *FR -Far red, B -Blue, R -red, P -photoperiod, PPFD -photosynthetic photon flux density.
where: Fˊm -maximal fluorescence (light adapted sample)
where: Fˊm -maximal fluorescence (light adapted sample) Chlorophyll, flavanols and nitrogen balance index (NBI) were measured by DUALEX 4 (Dualex 
Results and Discussion
The results using non-destructive methods to evaluate photosynthetic performance and interaction between photosynthetic rates and fluorescence indices in tatsoi (Brassica rapa var. rosularis) are presented in Tables 2, 3 LED light intensities demonstrated the same total photosynthetic rate (Pn) (12.41 µmol CO 2 m -2 s -1 ). However, it was about 25% higher Pn than in tatsoi grown under the elevated red LED light (660 nm) intensity with total PPFD level at 300 μmol m -2 s -1 . When the light intensity was increased in the three days pre-harvest stage, photosynthetic rate decreased, and the decrease was more pronounced in treatments where sole red light (660 nm) intensity was elevated. This is associated to decreased stomatal conductance and transpiration rates in red light (660 nm) enriched treatments (strong positive correlation between these indices) ( Table 4) .
The most pronounced effect on photosynthetic indices was determined in the treatment, where tatsoi in pre-harvest stage was illuminated with increased red light (660 nm) intensity for 24 h per day ( Table  2 ). This resulted in significantly lower stomatal conductance (Gs) (~3.29 times lower than control), intracellular CO 2 (Ci) concentration (~1.1 times lower than control), maximum quantum yield (Ym) (~1.26 times lower than control), quantum yield of PSII (~1.23 times lower than control) and Pn as well (~1.6 times lower than control).
The highest Ci in tatsoi (326.57 µmol CO 2 m -2 s -1 ), grown under all elevated LEDs to PPFD level at 300 μmol m -2 s -1 three days before the harvest, was determined (not significant). The PPFD level at 300 μmol m -2 s -1 led to the highest transpiration rate (Tr) as well ( Table 2 ).
Considering gas exchange measurements, PPFD level at 300 PPFD µmol m -2 s -1 had positive influence on tatsoi growth. Fluorescence measurements showed smaller differences among treatments, but in this case control treatments were performed most efficiently in photosystem II (PSII). The PPFD levels at 200 and 300 µmol m -2 s -1 showed the highest and reliable signal of resistance to environmental stress and efficient driving photosynthesis. About 25% lower results were measured in the last three treatments. Maximum quantum yield (Ym) decreased gradually (significantly), when all light components were increased until 300 µmol m -2 s -1 three days before harvesting for 16 or 24 hours photoperiod (Table 2) , while PS II only decreased significantly (~1.23 times) at 300 µmol m -2 s -1 with elevated red light (660 nm) component for 24 hours photoperiod. This could be associated with PS II inactivation and increased energy dissipation (Adams et al., 2013) . Significant changes in ETR were not observed. were affected by photoinhibition. Instantaneous photosynthesis and fluorescence parameters resulted in decreased response comparing with lower light intensity -200 μmol m -2 s -1 PPFD. Light excess is a restrictive factor for efficient photosynthetic process and have a negative effect on photosynthesis system acclimatisation causing photoinhibition (Powles, 1984) . In this case, 200 μmol m -2 s -1 PPFD was sufficient for efficient photosynthetic process in tatsoi.
The results of non-destructive leaf pigments and optical properties measurement confirm that different lighting conditions even for short three-day preharvest treatment have a significant effect on plant performance (Table 3) .
Leaf pigments and optical properties analysis in tatsoi (Table 3) showed that light quantity and preharvest exposure three days before harvesting had a significant effect on plants. Chlorophyll (Mattilla et al., 2018) . Increased all light components or just red light (660 nm) intensity at 16 hours photoperiod had a significant effect on PRI reduction. However, the control treatment did not show differences comparing with other treatments. To sum up, it can be useful to apply longer photoperiod in order to promote photoprotective system reactions and xantophyll cycle changes. The obtained results propose that excess light intensity is not efficiently utilized for photosynthetic processes and 200 µmol m -2 s -1 light intensity for growing period is sufficient for tatsoi cultivation. The pre-harvest treatment with an increased level of LED light also results in reduced photosynthetic parameters. This might be associated to mild photo-stress conditions and tatsoi adaptations to increased light intensity and/ or shifted proportions of light spectral quality.
In addition to this experiment, the variability and correlations among all photosynthetic indices showed strong differences between instantaneous photosynthetic intensity and chlorophyll fluorescence values (Table 4) . However, only among Pn, Gs and Tr strong positive correlations (r>0.7) were obtained comparing all values. According to the previous studies, these linkages were determined between photosynthesis and chlorophyll fluorescence indexes as well (Flexas et 
